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A micromechanical model has been developed for predicting the time-dependent crack growth
threshold and its variability by considering oxide formation or cavity formation ahead of an
elastic crack subjected to a sustained load at a stress intensity factor, K, at elevated temperatures
in air. It is demonstrated that stress relaxation associated with a volume-expansion process such
as the formation of creep cavities or oxides with a positive transformation strain can induce
residual stresses at the tip of the elastic crack. The near-tip residual stresses must be overcome
by the external load, thereby instigating a growth threshold, Kth, for the onset of time-dependent
crack growth. This micromechanical framework provides the basis for developing appropriate
predictive models for the time-dependent crack growth thresholds associated with several
damage processes, including (1) oxidation-assisted intergranular crack growth, (2) K-controlled
creep crack growth along an intergranular path, and (3) stress corrosion cracking. The micro-
mechanical threshold models have been utilized to predict the time-dependent crack growth
thresholds of a variety of Ni-base superalloys. The material parameters that contribute to the
variability of the time-dependent crack growth thresholds have been identified and related to
variations of mixed oxides or creep cavities formed near the crack tip. A size scale effect is also
predicted for the transformation toughening phenomenon, which is largest at or below Kth but
diminishes at increasing K levels above the threshold. Finally, the micromechanical models are
utilized to identify means for suppressing time-dependent crack growth in Ni-base alloys.

DOI: 10.1007/s11661-014-2271-8
� The Minerals, Metals & Materials Society and ASM International 2014

I. INTRODUCTION

IN Ni-base superalloys, time-dependent crack growth
can occur through several degradation mechanisms,
including oxidation,[1–9] hot corrosion cracking,[10] stress
corrosion cracking,[11] and creep cavitation[12–17] at ele-
vated temperatures. In addition, time-dependent crack
growth can appear as hold-time effects during dwell
fatigue[18–21] where time-dependent and cycle-dependent
crack growth occurs concurrently. In most cases, time-
dependent crack growth, also referred to as sustained load
crack growth, environmentally enhanced crack growth, or
creep crack growth, can be characterized on the basis of
the stress intensity factor, K, when the crack-tip damage,
creep, or plastic zone is small and constrained within the
elastic stress field. For K-controlled crack growth, Ni-base
alloys typically exhibit a large-crack growth threshold,
Kth, below which time-dependent crack growth does not
occur. The magnitude of the Kth is usually higher than the
large-crack fatigue crack threshold, DKth.

[2,14–17,19] Neither
the origin nor the magnitude of the time-dependent crack
growth threshold, Kth, is well understood for oxidation,
stress corrosion, or creep crack growth. On the other
hand, the crack growth rates during dwell fatigue at
elevated temperature in air are significantly higher than

the crack growth rates under pure fatigue in air at the
same temperature and stress intensity range, DK, levels.
Ni-base superalloys in advanced turbo-propulsion systems
operate at severe temperature and environments where
competing cycle-dependent and time-dependent crack
growth mechanisms may be operative concurrently.[21]

Thus, there is a need for a better understanding of the
interactions between cycle-dependent and time-dependent
crack growth at the respective near-threshold regimes.
Cycle-dependent fatigue crack growth and time-

dependent crack growth are generally treated as two
independent processes whose crack growth increment,
da, over a mission can be summed according to the
expression given by[19–21]

dað Þmission¼
da

dN

� �
cyclic

dNþ da

dt

� �
dt; ½1�

where the first term on the right-hand-side of Eq. [1]
treats cycle-dependent crack growth, while the second
term treats time-dependent crack growth for an arbi-
trary loading history within a mission. For fatigue
crack growth test data generated under a constant fre-
quency with dwell, Eq. [1] can be expressed as[19–21]

da

dN

� �
dwell

¼ da

dN

� �
cyclic

þ½tdwell þ 1=f� da

dt

� �
; ½2�

where tdwell is the dwell time, and f is the frequency of
the dwell fatigue cycles. To obtain the crack growth
life, Eq. [2] is integrated over the fatigue cycle. The
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fatigue crack growth rate, da/dN, can be represented in
terms of the Paris power-law,[22] as given by

da

dN
¼ ADKn for DK>DKth ½3�

where DK is the stress intensity range, DKth is the large-
crack crack growth threshold, and A and n are material
constants. Cyclic crack growth generally follows a trans-
granular path, while time-dependent crack growth due
to stress-assisted grain boundary oxidation typically fol-
lows an intergranular path.[1–9,13–18] The transition from
transgranular fracture to intergranular fracture depends
on the temperature, load frequency, and hold time. In
general, time-dependent crack growth under K-con-
trolled conditions can be expressed as[21,23]

da

dt
¼ Bo exp �

Q

RT

� �
Km with m>0 and K>Kth; ½4�

where Kth is the static crack growth threshold, and Bo is
an empirical constant.

A number of investigations have successfully applied
Eqs. [1] and [2] to treat concurrent cycle-dependent and
time-dependent crack growth such as dwell fatigue in
Ni-base superalloys.[2,19–21,24] According to Eqs. [1]
through [4], time-dependent crack growth is dominant at
long dwell times and low frequencies, provided that
Kmax >Kth, where Kmax is the maximum stress intensity
factor in a loading cycle. In contrast, crack growth is
entirely dominated by the cycle-dependent term, da/dN,
at Kmax <Kth, since da/dt = 0 in this regime. Equation
[4] suggests that a potential means of suppressing time-
dependent crack growth in Ni-base and other metallic
alloys is to increase the threshold,Kth. Unfortunately, the
origins of Kth are poorly understood, and a methodology
for predicting the Kth values for the various time-
dependent crack growth processes (oxidation, stress
corrosion, hot corrosion, and creep) does not appear to
exist at this time. Once Kth is maximized, the values of Bo

andm in Eq. [4] may also need to beminimized in order to
reduce the time-dependent crack growth rate.

The damage mechanisms accompanying creep crack
growth are the formation, growth, and coalescence of
creep cavities along grain boundaries (g.b.) and inter-
granular fracture. Creep crack growth by g.b. cavitation
is observed in Ni-based alloys tested in vacuum or in
an inert atmosphere,[1,17,19] but it is also observed in
c¢-strengthened Ni-base alloys such as IN 738 and IN
939 tested in air.[24,25] For oxidation-induced crack
growth and stress corrosion cracking, the degradation
processes are the formation and growth of oxides along
grain boundaries, and the corresponding crack paths are
also predominantly intergranular.[1–9,13–18] For IN 718,
the crack-tip oxidation processes during sustained load
crack growth in air involved the formation of NiO and
Cr2O3 along grain boundaries.[4,5,7] The oxidation of
grain boundary particles such as NbC during sustained
load crack growth in air and in oxygen environment[26]

or fatigue in air[27] was also reported by some investi-
gators. For dwell fatigue of RR1000, the crack-tip
oxides were reported to be NiO and Cr2O3.

[28] More
recently, Gabb et al.[29] reported that during dwell

fatigue of ME3 (Rene 104), the oxidation products
consisted of a continuous outer layer of Ni-rich and
Co-rich oxides on top of underlying Al-rich oxide fingers.
The oxides associated with stress corrosion cracking were
predominantly CrO mixed with Cr2O3 in Alloy 690[30]

compared to NiO and Fe2O3 in Alloy 600.[31] According
to Chan et al.,[23] most of these oxides exhibit a volume
expansion when formed in Ni-base alloys and may induce
crack-tip shielding and transformation toughening during
time-dependent crack growth.
The objective of this paper is to present the results of an

investigation focused on developing a micromechanical
model for predicting the time-dependent crack growth
threshold and its variability in a large crack subjected to a
sustained load at elevated temperatures in air. The damage
mechanismsconsidered includeoxidation, creep, and stress
corrosion cracking. The micromechanical models have
been developed by considering the crack-tip stress field
associatedwith the formation of a damage zone containing
oxides or creep cavities along a grain boundary located
ahead of an elastic crack. It is demonstrated that stress
relaxation associated with a volume-expansion process
such as the formation of creep cavities or the formation of
oxides with a positive transformation strain can induce
near-tip residual stresses that must be overcome by the
external load, thereby instigating a growth threshold for
the onset of time-dependent crack growth. This microme-
chanical framework provides the basis for developing
appropriate predictive models for the time-dependent
crack growth thresholds associated with damage mecha-
nisms such as (1) oxidation-assisted intergranular crack
growth,[1–9] (2) creep crack growth along an intergranular
path,[12–17] and (3) stress corrosion cracking.[11,30,31] The
micromechanical threshold models have been utilized to
predict the time-dependent crack growth thresholds of
Ni-base superalloys used in turbo-propulsion systems. The
sources of material variability in values of time-dependent
crack growth threshold have been identified, and they can
be related tomixed oxides or creep cavities formed near the
crack tip. A size scale effect is also predicted for the
transformation toughening phenomenon, which is largest
at or belowKth and diminishes at increasingK levels above
the threshold. Finally, the micromechanical models are
utilized to identify means for suppressing time-dependent
crack growth in Ni-base alloys.

II. MODEL DEVELOPMENT

A. Crack-Tip Stress Field

An elastic crack in a Ni-base superalloy subjected to a
sustained load at elevated temperature in air is consid-
ered as the starting point for the modeling effort in this
article. The effects of crack-tip stress relaxation on Kth

will be discussed in Section IV later in this article. The
normal stress, ryy, associated with the K-field directly
ahead of the crack tip is given by[32,33]

ryy ¼
Kffiffiffiffiffiffiffi
2pr
p ½5�

where r is distance ahead of the crack tip. A damage
zone due to oxidation, Figure 1(a), or grain boundary
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cavitation, Figure 1(b), is considered to develop ahead
of the crack tip. In Figure 1(a), the damage process is
envisioned to be the result of an ingress of oxygen
from the air environment into the crack-tip region to
form an oxide MO,[3,6] where M is a metallic element
in a variety of potential reactants including (1) Ni
solid solution matrix containing Ni, Cr, Co, Ti, or other
metals typically found in a Ni-based alloy, (2) alloyed
c¢ and c¢¢, and (3) carbides, intermetallic, or Laves
phases at grain boundaries. The reaction of M and O
to form MO results in a transformation strain, etr,
which is defined as

etr ¼
DV
Vo
¼ Vox

Vo
� 1; ½6�

where DV = Vox � Vo is the volume change associ-
ated with the formation of the MO oxide, and Vo is
the volume of the unit cell containing the reactant that
reacts with oxygen to form the oxide product. In most
cases, Ni solid solution, Niss, containing the reactive
element M is considered the reactant, but reactive ele-
ment from MC, M26C6, alloyed Ni3Al, or alloyed
Ni3Nb is also considered. According to this definition,
the transformation strain is positive when the unit-cell
volume of the oxide is larger than that of the reactant
but is negative when the reverse is true. Applying the
Eshelby method[34] in a manner shown by Shi and
Puls[35] in an analysis of hydride formation in Zirco-
nium alloys, the formation of a second phase (oxide in

this case) in a metallic matrix induces a transformation
stress in the matrix, which is given by[34,35]

rtr ¼ �
bEoxetrtox
ð1� m2ÞL ; ½7�

where Eox, m, tox, and L are, respectively, the Young’s
modulus, Poisson’s ratio, oxide thickness, and length
of the second phase (oxide in this case) formed; b is a
geometric shape factor of the second phase formed.
The parameter b = p/4 for a thin plate,[35] as assumed
here for an oxide layer formed along a grain boundary
located ahead of the crack tip. The near-tip ryy stress
distribution resulting from the elastic crack and the
oxide formation can be obtained by superposition and
summing Eqs. [1] and [3], leading to

ryy ¼
Kffiffiffiffiffiffiffi
2pr
p � bEoxetrtox

ð1� m2ÞL ½8�

which values are plotted inFigures 2(a) and (b) forK levels
of 10 and 30 MPa(m)1/2, respectively. In Figure 2, the
stresses are plotted as a function of distance r ahead of the
crack tip. The material parameters chosen correspond to
the formation of CrO, as shown in Figure 2. In theK-field,
ryy shows r

�1/2 dependence,while the transformation stress
shows L�1 dependence. The crack-tip elastic stresses are
relaxed by the compressive transformation stresses when
transformation toughening occurs ahead of the crack
tip.[36] At K = 10 MPa(m)1/2, the relaxed crack-tip stress
distribution after oxide formation is compressive over a
small distance (about 110 lm) ahead of the crack tip as
shown inFigure 2(a). AtK = 30 MPa(m)1/2, the extent of
the compressive stress is reduced significantly to about
10 lm, and a tensile stress peak forms ahead of the crack
tip, Figure 2(b). Further ahead of the crack tip, the relaxed
crack-tip stresses are tensile and approach those of an
elastic crack. Thus, the stabilization effect of the compres-
sive stresses associated with the oxide formation is most
effective at low K levels and diminishes with increasing K
levels.TheobservedKdependenceof the relaxed stressfield
due to oxide transformation strongly suggests that a
threshold stress intensity factor, Kth, must be exceeded in
order to cause fracture of an oxide layer formed ahead of
the crack tip.

B. Kth for Crack-Tip Oxide Fracture

The threshold, Kth, for oxidation-induced time-depen-
dent crack growth along grain boundaries is derived by
considering the fracture of oxide layer formed ahead of
the crack tip. The local stress intensity factor at the
crack tip, Ktip, is comprised of the applied K due to the
remote load and the shielding term, Ks, resulting from
the compressive transformation stresses induced by
oxide formation ahead of the crack tip, as given by[37]

Ktip ¼ K�
ffiffiffi
2

p

r ZL

0

rtrdxffiffiffi
x
p ¼ Kox; ½9�

where x is distance ahead of the crack tip. At a very
small distance ahead of the crack tip, the elastic

(a)

(b)

XCrack

Y

L

Grain Boundary

O2-
M2+

Oxides

Crack-tip Oxide, MO

Fig. 1—Schematics depict the formation of oxides and creep cavities
along a grain boundary located ahead of an elastic crack subjected
to a static stress, r: (a) crack-tip oxide formation and (b) grain
boundary cavitation.
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transformation stress, given by Eq. [7], can exceed the
compressive yield stress. The damage zone, Ld, can be
defined as the region where the compressive yield stress
is attained, and Ld is obtained from Eq. [7] by limiting
rtr to �ry, resulting in

Ld ¼
pEoxryetrtox
4ð1� m2Þ

� �1=2
½10�

Substituting Eq. [10] into [9] and performing integra-
tion leads one to

Kth ¼ Kox þ 2sgnðetrÞ
Eoxry etrj jtox
2ð1� m2Þ

� �1=2
½11�

when fracture of the oxide layer is considered to com-
mence when the Ktip exceeds the fracture toughness, Kox,
of the oxide layer. In Eq. [11], sgn(x) is the sign function
with x as the dummy variable; sgn(x) = 1 when x is
positive, and sgn(x) = �1 when x is negative. Equation
[11] indicates that Kth depends on material parameters
suchas theoxidemodulus, oxide thickness, transformation

strain, and the yield stress of the alloy. The dependence
of Kth on the yield stress of the Ni alloy can, at least
conceptually, be utilized to consider the effects of grain
size and cooling rate on time-dependent crack growth
threshold. The dependence of Kth on these material
parameters is illustrated in Figure 3(a), through (c) as a
function of the yield strength of the Ni-base alloy.

C. Kth for Stress Corrosion Cracking

The damage process associated with stress corrosion
cracking often involves the formation and fracture of a
protective oxide layer at the crack tip.[30] The crack-tip
damage process involves the formation and fracture of
an oxide layer along grain boundaries ahead of the crack
tip, as depicted in Figure 1(a). On this basis, Eq. [11] is
directly applicable to stress corrosion cracking, provid-
ing that the damage process is controlled by the fracture
of the oxide film and not by the kinetics of passive film
formation. The threshold, KISCC, for the onset of stress
corrosion cracking is then given by

KISCC ¼ Kox þ 2sgn etrð Þ
Eoxry etrj jtox
2ð1� m2Þ

� �1=2
½12�

when stress corrosion cracking is controlled by fracture
of the protective oxide film at the crack tip.

D. Kth for Creep Crack Growth

Creep crack growth involves the formation, growth,
and coalescence of creep cavities along grain boundaries
located ahead of the crack tip,[3,17,38,39] as illustrated in
Figure 1(b). To derive the Kth for creep crack growth,
cavity formation at a grain boundary is considered as a
transformation process that involves coalescence of nv
vacancies to produce a cavity[11,40] in the form an oblate
ellipsoid. The volume of a void formed by the coales-
cence of nv vacancies is given by

Vvoid ¼
4

3
bp nvað Þ3; ½13�

where nv is the number of vacancies, a is the radius of
a vacancy, and b is a shape factor. The volume of nv
vacancies before coalescence is

Vo ¼
4

3
nvpa

3 ½14�

and the transformation strain associated with coalesc-
ing nv vacancies into a single void is

etr ¼
Vvoid

Vo
� 1 ¼ bn2v � 1 ½15�

which becomes

etr ¼
p
4

� �2
n2v � 1 ½16�

when the void is taken to be an oblate ellipsoid, and
b = (p/4)2. Equation [16] indicates that the transfor-
mation strain associated with this cavity formation
increases with increasing number of vacancies in the

(a)

(b)

Fig. 2—Relaxed stress field associated with oxidation-induced transfor-
mation toughening ahead of an elastic crack loaded under a static
stress: (a) K = 10 MPa(m)1/2, and (b) K = 30 MPa(m)1/2. The near-tip
compressive stress induced by oxide formation at the crack tip is over-
come by the elastic crack-tip stress field when the K level is increased to
30 MPa(m)1/2, leading to a tensile stress peak head of the crack tip.
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cavity formation process. The transformation stress
takes a form that is similar to Eq. [7] and is given by

rtr ¼ �
bEetrtcd
1� m2ð ÞLcd

; ½17�

where E and m are the Young’s modulus and Poisson’s
ratio of the Ni-base alloy; tcd and Lcd are the thickness
and the length of the cavitated grain boundary layer,
respectively. Using the same procedure described ear-
lier, the Kth expression is obtained from Eqs. [9]
through [11], leading one to

Kth ¼ Kcd þ 2
Eryetrtcd
2 1� m2ð Þ

� �1=2
; ½18�

where Kcd is the fracture toughness of the cavitated
grain boundary. Figure 4 compares the Kth values as a
function of the transformation strain due to oxidation
and cavity formation on time-dependent crack growth
in Ni-base alloys. For these calculations, tox = tcd =
0.5 lm, ry = 1100 MPa,E = 100 GPa,Eox = 143.6 GPa,
mox = m = 0.33, and Kox = Kcd = 3.6 MPa(m)1/2.

III. MODEL APPLICATIONS

The threshold model for oxide fracture, Eq. [11], was
utilized to predict the Kth for a number of Ni-base
superalloys. Table I lists the names and compositions of
the various Ni-base superalloys[4,41–47] considered for
the Kth computations. To compute Kth, the properties of
the oxide or oxides formed at the crack tip are required
to assess oxidation-induced transformation toughening.
The crystal structure, lattice parameters, Young’s mod-
ulus (Eox), and fracture toughness (Kox), for selected
oxides, carbides, and intermetallics are compiled from
the literature,[48–63] and the results are presented in
Table II. Using information shown in Table II, relevant
crack-tip oxidation reactions that may lead to transfor-
mation toughening in Ni-base superalloys are identified.
Table III summarizes the metallic reactant, the volume
of the unit cell containing the reactant, the unit cell of
the oxide formed, Young’s modulus, transformation
strain, and oxide toughness. Using the listed properties
and Eqs. [10] and [11], the length of the damage zone
(Ld) and Kth were computed for an oxide thickness of

Fig. 4—Predicted Kth values as a function of transformation strain,
etr, for crack-tip oxidation formation compared to those for cavity
formation along a g.b. located ahead of the crack tip.

(a)

(b)

(c)

Fig. 3—Dependence of Kth on Young’s modulus, oxide thickness
and transformation strain as a function of yield strength of Ni alloy:
(a) Young’s modulus of oxide, Eox, (b) oxide thickness, tox, and (c)
transformation strain, etr, of oxide.
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0.25 lm and yield strength of 1000 MPa. The results are
presented at the last two columns in Table III. The
results presented in Table III indicate that with the
exception of Nb2O5, the transformation strains for the
various oxides are positive, and the transformation
stresses are compressive (negative). The consequence is
that the Kth values are relatively high and exceed
8.8 MPa(m)1/2. In contrast, the oxidation of Nb in Niss
to form Nb2O5 leads to a small transformation strain
and a low Kth, [3.6 MPa(m)1/2], while the oxidation of
NbC and Ni3Nb to form Nb2O5 results in a negative
transformation strain, a tensile transformation stress,
and a negative Kth. A negative Kth value means that
fracture of the oxide is spontaneous once the oxide layer
is formed, signifying an embrittlement process. Thus,
formation of Nb2O5 at the crack tip in Ni-base alloys is
expected to accelerate the time-dependent crack growth
process. The opposite is true when oxides such as NiO,
CrO, CoO, FeO, Fe2O3, Al2O3, Cr2O3, and Fe3O4 form
at the crack tip by virtue of a positive transformation
strain, compressive transformation stresses, and crack-
tip shielding.
The Kth values for various oxide formations are

predicted as a function of yield strength using the oxide
properties and transformation strains listed in Table III
and an oxide layer of 0.25 lm, which was estimated
based on micrographs of crack-tip oxide layers reported
in the literature.[28] The computed Kth values for an
oxide layer of 0.25 lm are compared against experi-
mental data[2,28,41–45,76–83] for Ni-base superalloys in
Figure 5. The experimental Kth data include those of
powder metallurgy (PM) and wrought alloys, which all
exhibit oxidation-induced time-dependent crack growth.
The experimental Kth value ranges from 10 to 28
MPa(m)1/2, which is bounded by the calculated curves
for NiO and Cr2O3. The calculated Kth curves for CrO
and CoO are lower than the observed values, while those
for TiO2 and Cr2O3 are within the experimental scatter
band. One possible way for rationalizing the Kth

variability observed in the Ni-base superalloys is that
the type of oxides formed at the crack tip varies with
alloy composition. For a given alloy composition, the
Kth may also vary because of the formation of mixed
oxides at the crack tip and variations of the relative
percentages of individual oxides in the mixed oxides.
For illustration, the Kth values were computed as a
function of yield strength of Ni alloy in Figure 6 for
various percentages of NiO and Cr2O3 formed at the
crack tip. In Figure 6, the lower bound of the Kth values
is given by the curve with 100 pct NiO, while the upper
bound curve is given by the curve for 100 pct Cr2O3. On
this basis, the variation of the Kth value in Figure 6 can
be attributed to variation in the amounts of Cr2O3

oxides formed at the crack tip. A similar comparison of
Ni alloy for various percentages of NiO and Al2O3 is
presented in Figure 7. The agreement between model
calculation and experimental data is better in Figure 6
than in Figure 7, because most of Ni-based superalloys
shown are predominantly chromia formers rather than
alumina formers. Experimentally, Al2O3 or Cr2O3 was
observed to form underneath an outer NiO oxide
layer.[28–30] Under these circumstances, the variability
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of Kth may be directly attributed to the variations of the
NiO, Al2O3, or Cr2O3 layers.

The creep crack growth thresholds for Ni-base alloys
were predicted as a function of yield strength using
Eq. [18] for a series of transformation strains ranging
from 0 to 29.2, which corresponded to vacancies ranging
from 1 to 7. The fracture toughness of the cavitated
grain boundary was taken to be 10 MPa(m)1/2 in these
calculations. The predicted Kth values are compared
against selected Ni-base alloys in Figure 8. IN 738 and
IN 939 exhibit creep crack growth by grain boundary
cavitation in air at 1123 K (850 �C).[84] IN 718 and
X-750 also exhibit creep crack growth by grain bound-
ary cavitation at 923 K (650 �C) in vacuum.[14] The Kth

values of these alloys range from about 18 MPa(m)1/2 to
as high as 50 MPa(m)1/2. The corresponding transfor-
mation strain ranges from 1.47 to 29.2, and the number
of vacancies ranges from 2 to 7 as shown in Figure 8. It
is noted that the transformation strain increases rapidly
with nv

2, and Kth increases with increasing transforma-
tion strain.

IV. DISCUSSION

One of the significant findings of this investigation is
the demonstration that oxide formation at the crack tip
can induce transformation toughening at the crack tip
and results in a threshold stress intensity factor that must
be exceeded prior to fracture of an oxide layer formed
within the oxidation damage zone. The origin of the time-
dependent crack growth threshold is the compressive
stresses associated with the oxide formation at the crack
tip. A deeper understanding of the oxide fracture at the
crack tip can be developed by examining the near-tip
stress distribution of a crack tip with an oxide layer as a
function of the applied K level. Figure 9 indicates that at

K = 10 MPa(m)1/2, compressive stresses act on the oxide
damage zone due to a positive transformation strain
associated with MO orM2O3 formations at the crack tip,
the only exception being Nb2O5. Both the magnitude and
the size of the compressive stress zone decrease with
increasingK levels, as shown in Figure 9. Such a crack-tip
stress field associated with stress-assisted grain boundary
oxidation[85] in the formof an oxide layer formed ahead of
a loaded crack tip was pointed out independently by
Evans et al.[86] At K levels at or above 30 MPa(m)1/2, a
tensile stress peak develops ahead of the crack tip which
extends over a substantial portion of the oxide layer.
Thus, substantial tensile stresses exist at the crack tip to
cause fracture of oxide layer, once theKth is exceeded. The
exact value of the Kth depends on the reactants and the
oxides, the transformation strain, elastic properties, and
thickness of the oxide, as well as the yield strength of the
Ni-base alloy matrix. For the Ni-base alloys and oxides
examined, the Kth value ranges from about 10 to
25 MPa(m)1/2, as shown in Figures 5, 6, and 7.
Crack-tip shielding due to transformation toughening

extends beyond the growth threshold and influences the
entire crack growth curve including the power-law
regime. From Eq. [9], it is clear that for K>Kth,

Ktip ¼ K� 2sgnðetrÞ
Eoxry etrj jtox
2 1� m2ð Þ

� �1=2
; ½19�

which can be combined with Eq. [4] to give

da

dt
¼ Bo exp �

Q

RT

� �
K� 2sgn etrð Þ

Eoxry etrj jtox
2 1� m2ð Þ

� �� �m

with m>0 and K>Kth;

½20�

where Kth is the static crack growth threshold given by
Eq. [11]. From Eq. [20], it is obvious that material

Table II. Summary of the Compound, Crystal Structure, Lattice Parameter, Unity Cell Volume, Elastic Modulus (E), and
Fracture Toughness (KIC) of Individual Constituent Phases Pertinent for Consideration of Oxidation-Induced Transformation

Toughening in Ni-Based Alloys

Compound Crystal Structure Lattice Parameters (Å) Unit-cell Volume (Å3) E (GPa) KIC [MPa(m)1/2]

Niss Fcc ao = 3.529[48] 41.61 200[71] 96 to 131[70]

NbC Fcc ao = 4.470[51,52] 93.91 340 to 400[54] 3.0 to 4.0[54]

Ni3Nb Bct ao = 3.655; co = 7.495[48,49] 100.13 200 6.0 to 8.0[55]

M6C Cubic ao = 10.62[51] 1197.8 — 7.1[56]

M23C6 Cubic ao = 10.63[51,53] 1201.2 325 to 334[57] 7.1[56]

Ni3Al Cubic ao = 3.57 to 3.60[48–50] 45.5 178[58] 30[58]

Cr2O3 Hcp ao = 4.961; co = 13.6[63] 289.87 143.6[59,60] 3.6[59,60]

Al2O3 Hcp ao = 4.785; co = 12.991[64] 257.59 362[54,59,60] 3.5[54,59,60]

TiO2 tetragonal ao = 3.784; co = 9.514[65] 136.27 270.7[59,60] 2.49[59,60]

Nb2O5 Hcp ao = 3.607; co = 3.925[66] 44.22 125[61] 1.5
CoO cubic ao = 4.254[67,68] 75.44 189[66] 1.12[62]

NiO cubic ao = 4.173[66,68] 72.67 230 to 260[62,63] 1.5[62]

CrO cubic ao = 4.1[69] 68.92 — 1.5
NiCr2O4 cubic ao = 8.32[70] 573.9 106.6[62] 0.57[62]

FeO cubic ao = 4.334[72] 81.41 130[74] 1.7[75]

a-Fe2O3 rhombohedral ao = 4.99; co = 13.61[73] 338.6 219[74] 1.7[75]

c-Fe2O3 cubic ao = 8.40[73] 591.92 208[74] 1.7[75]
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parameters that enhance Kth also reduce the crack
growth rates at K>Kth by reducing the near-tip crack
driving force. The beneficial effects of transformation
toughening, however, diminish with increasing K levels
above Kth as the relaxed crack-tip stress field approaches
the K-field, as shown in Figure 9.

The near-tip stress field shown in Figure 9 explains
the dichotomy that oxidation enhances the time-depen-
dent crack growth rate, da/dt, of Ni-base alloys while at

the same time increases the Kth for the onset of
oxidation-induced crack growth. The range of the
predicted Kth values for Ni-based alloys is in agreement
with those observed in Ni-based alloys tested in air was
well as those observed in IN 718 and a modified IN 100
tested in pure oxygen.[8,9,19] In the latter two cases, the
Kth values are about 20–28 MPa(m)1/2 at 873 K to
973 K (600 �C to 700 �C) in pure oxygen,[8,9,19] similar
to those shown in Figures 5 and 6 for the air environ-
ment. Above the Kth, the crack growth kinetics are
enhanced by the oxygen environment, similar to those
observed in air, when the crack extends past the
transformation toughened zone where compressive
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stresses are dominant. Further ahead of the crack tip, a
high tensile stress peak exists which can cause fracture of
any oxide layer formed and hence leads to enhanced
crack growth rates. Another important prediction that
can be made from the results shown in Figure 9 is that
fracture of the oxide layer is size-dependent. Fracture of
a short oxide layer is expected to be more difficult when
it is embedded entirely within the compressive stress
zone. In contrast, fracture of a long oxide layer is
expected to be easier when the oxide layer lies mostly
outside the compressive stress zone and is acted upon by
the tensile stress peak.

The dependence of the transformation strain on the
reactants provides additional insights on the roles of
microstructure on oxidation-induced time-dependent
crack growth. The transformation strain, as defined by
Eq. [6], is generally different from the Pilling–Bedworth
(P–B) ratio,[87] which is the ratio of the volume of the unit
cell of the oxide to the volume of the unit cell of the
corresponding metal from which the oxide is created (i.e.,
P–B ratio = Vox/Vo). However, the transformation
strain, Eq. [8], is related to the P–B ratio (etr = P–B
ratio � 1) when the reactant is a pure metal. In general,
Ni-based superalloys contain c¢ in a c matrix (Ni solid
solution) with a number of minor phases, such as
carbides (MC, M23C6, M6C), borides (M2B2) and inter-
metallic phases (sigma, l, d and c¢¢), depending on the
alloy composition and heat-treatment.[88] Some Ni-based
superalloys do not contain certain carbides or phases; for
example, IN 718 does not containM23C6 due to a high Ti
content and a high Nb content. The discussion on the
effects of reactant on Kth, therefore, is directed to Ni-
based alloys in general and is not directed to a specific
alloy. Should a particular phase not exist in a particular
alloy (e.g., M23C6 does not exist in IN 718[88]), the
predicted effect of the reactant (for example, M23C6)
would obviously not occur and be replaced by one that is
known to exist (e.g., NbC in IN 718[88]) in the alloy of
interest. A full range of reactants is considered so that
their relative importance can be assessed in a systematic

manner for Ni-based superalloys with various composi-
tions. First, oxidation of metallic carbides such as M23C6

or NbC would lower the Kth and leads to accelerated da/
dt, because the transformation stresses induced at the
crack tip are tensile rather than compressive (see
Table III). Formation of Nb2O5 also does not provide
any transformation toughening, as shown in Table III.
Thus, grain boundary M23C6 and NbC should be
avoided based on consideration of the Kth level. Second,
Kth is enhanced with increasing yield strength of the Ni
alloy. Thus, any microstructure or alloying modification
that enhances yield strength of the alloy would also
improve the Kth value, as reported in the literature.[41] It
has been reported that the dwell fatigue performance of
Ni-base superalloys can be improved by increasing Cr
content,[89,90] volume fraction of c¢,[89] and the size of
tertiary c¢ precipitates.[41,91,92] The improvements by
increasing Cr content and tertiary c¢ size are qualitatively
illustrated in Figure 10(a). One possible explanation for
these microstructural and alloying effects may be the
increase in transformation toughening and the Kth value
by increasing Cr contents on the basis that increasing the
Cr content of the Ni-base alloy is likely to promote the
formation of Cr2O3. Similarly, increasing the tertiary c¢
size is likely to promote stress relaxation at the crack-
tip,[91,92] which would delay fracture of the oxide and
increase the apparent Kth. In addition, the larger tertiary
c¢ size may also promote the formation of Al2O3 by Al
from tertiary Ni3Al at or near grain boundaries. The
transformation stresses associated with the mixed Cr2O3

and Al2O3 formation at the crack tip can cause addi-
tional crack-tip shielding, lower the near-tip stress
intensity factor (Ktip), leading to increases in the Kth

and lowering of the da/dt rates as shown schematically in
Figure 10(b). Since the fatigue crack growth rate during
dwell fatigue is given by Eq. [2], which consists of a cycle-
dependent crack growth term, da/dN, and a time-
dependent crack growth term, da/dt. Increasing the Kth

values can reduce da/dt to lower values or even zero and
improve the dwell fatigue crack growth resistance as
shown in Figure 10(b). It should also be noted that
above Kth, da/dt decreases with increasing grain
size[23,90,93] as the time-dependent crack growth process
is generally controlled by grain boundary diffusion.[3,6,23]

Furthermore, the grain boundary structure and charac-
ter can affect the da/dt response in several ways,
including (1) serrated grain boundary can hinder grain
boundary sliding[94,95] and reduce stress concentration at
the grain boundary, thereby delaying fracture of the
oxide layer and improving crack growth resistance, (2)
the type of reactants (e.g., carbides or Laves Phase)[88]

may vary with the grain boundary character, thereby
affecting the type of oxide(s) formed along the crack-tip
grain boundary, and (3) the transport of oxygen vacan-
cies[96] to the tip of the oxide layer along the oxide/grain
boundary interface or through the oxide layer under the
influence of the crack-tip stress field.[86,97]

The results of this study suggest that one possible
means of suppressing time-dependent crack growth is to
increase the Kth values as high as possible. For the
oxides investigated, the most promising oxides are
Cr2O3 and Al2O3, which are both protective oxides.

Fig. 9—Computed stress distributions of the relaxed stress field
(ryy+ rtr) at various K levels compared to the K-field at
K = 50 MPa(m)1/2 and the transformation stresses, rtr. A tensile
stress peak develops ahead of the crack tip, but the near-tip zone
size where compressive stresses are dominant at the crack tip
decreases with increasing K levels at K> 20 MPa(m)1/2.
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Assuming a mixture of Cr2O3 and Al2O3 oxide forma-
tion at the crack tip, the computed Kth values range
from 25 to 34 MPa(m)1/2 based on yield strength of
1000 MPa, as shown in Figure 11. These Kth values are
higher than those expected based on a mixture of NiO
and Cr2O3 or a mixture of CrO and Al2O3. An oxide
layer of 100 pct Al2O3 provides a Kth value of
34 MPa(m)1/2 at yield strength of 1000 MPa. All of
these Kth values are based on a layer thickness of
0.25 lm, which are on the order of the thickness of
crack-tip oxide layers reported in the literature.[28]

The approach adopted in this investigation to combine
cycle-dependent and time-dependent crack growth is
through the summation law as described in Eqs. [1] and
[2]. This is not a new approach but has been utilized
successfully by others[19,20] to treat combined cycle-
dependent and time-dependent crack growth in structural
alloys. The implicit assumption of this approach is that
there are no interactions between the cycle-dependent
(i.e., fatigue) crack growthmechanism due to cyclic slip in
the plastic zone and the time-dependent crack growth
mechanism due to oxide formation at the crack tip and
fracture of the oxide layer. The summation law shown in

Eq. [1] is simple and particularly useful for life-prediction
of structural components, since it is applicable for
arbitrary loading and temperature histories in a mission
profile as one merely needs to integrate Eq. [1] over the
mission profile in order to obtain the fatigue life of a
structural component. This approach has been success-
fully applied to assess the fatigue life and reliability of the
engine components subjected to mission profiles that
contain hot dwell conditions[20,21,23] or hot corrosion
environments.[98] Both the frequency and hold-time
effects during dwell fatigue have been predicted for two
Ni-based superalloys used in turbo-engine component
applications.[23,98] In contrast, the approach based on
Eqs. [1] and [2] has not been applied by the author to treat
corrosion fatigue where the crack growth process may be
dictated by the rate of rupture of the protective oxide film
relative to the rate of passive film formation. Thus, the
applicability of the summation law to corrosion fatigue is
incomplete and anopen issue that requires further studies.

V. CONCLUSIONS

The conclusions reached in this investigation are as
follows:

1. A micromechanical modeling framework has been
developed for predicting the Kth values and their
variability for oxidation-induced crack growth,
creep crack growth, and stress corrosion cracking in
Ni-base superalloys.

2. Compressive stresses associated with the formation
of oxides or creep cavities at the crack tip with a
positive transformation strain can instigate transfor-
mation toughening by relaxing and shielding of the
crack-tip tensile stresses and induce a growth
threshold that must be exceeded in order for the
onset of time-dependent crack growth.

3. Oxide formation that can instigate a time-dependent
crack growth threshold includes those of NiO, CrO,
CoO, FeO, Cr2O3, Al2O3, and Fe2O3.

(a)

(b)

Fig. 10—Schematics depicting the effects of Cr content and tertiary c¢
size on da/dt and da/dN response during dwell fatigue crack growth:
(a) da/dt response, and (b) da/dN response during dwell fatigue.
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4. Oxidation of NbC at grain boundaries and the for-
mation of Nb2O5 induce tensile stress, crack-tip
anti-shielding, and oxidation-induced embrittle-
ment.

5. The dichotomy of high growth thresholds and
enhanced crack growth rates associated with time-
dependent crack growth in Ni-base alloys may be
explained on the basis of transformation toughening
that induces compressive stresses at the crack tip
which are dominant at low K levels and diminish
with increasing K levels.

6. The variability of Kth in Ni-base superalloys
appears to originate from mixed oxides formation
at the crack tip.

7. Material parameters that contribute to a high Kth

include high Young’s modulus of oxide, high trans-
formation strain, and high yield strength of the
Ni-base alloys.

8. Time-dependent crack growth in Ni-base alloys
may be suppressed by instigating a high Kth value
through a high transformation strain, a high chro-
mium content, and high yield strength.
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